Résumé. -La raison principale de la défaillance de l'électrolyte céramique d'alumine béta dans des éléments sodium-soufre est le départ de la conduction électronique à travers l'électrolyte, avec la réduction du rendement faradique qui en résulte, suivie, dans certains cas, de la défaillance complète de l'élément. A cette phase finale le sodium métallique aura pénétré dans la céramique.
1. Introduction. -Beta alumina is used as the solid electrolyte in sodium/sulphur cells because of its exceptionally high Na + ion conductivity and negligibly low electronic conductivity [1] [2] [3] [4] [5] . It has the approximate formula Na 2 0.11 A1 2 0 3 and the structure (hexagonal, P6 3 /mmc) consists of layers of loosely bonded sodium ions between spinel-type blocks of aluminium and oxygen ions [6] [7] [8] as shown in figure 1. The mobility of the sodium ions within these planes is extremely high. Several structural variations are known to occur ; the most important of these is termed beta" alumina (rhombohedral, R3m) which is also shown in figure 1. This is preferred for use as an electrolyte because of its superior conductivity (~ 0.2 ohm -1 .cm" 1 at 350 °C compared to ~ 0.05 ohm -1 .cm -1 for the beta form). It has three spinel blocks per unit cell related by a threefold screw axis, compared to the two related by a twofold screw axis in beta alumina [8, 9] , and has a formula approximating to Na 2 0.5 A1 2 0 3 . This is a highly defective structure, the excess sodium relative to the beta alumina formula being compensated by aluminium ion vacancies. Some of these defects can be removed, and the material stabilised, by doping with Mg 2+ or Li + . These ions occupy Al sites within the spinel blocks, Mg 2+ probably preferring the four co-ordinate sites and Li + the six co-ordinate sites, although the detailed nature of the remaining defects is not fully established.
Failure of the polycrystalline beta alumina electrolyte in sodium/sulphur cells has frequently been due to FIG. 1. -The crystal structures of beta and beta" alumina. penetration of the ceramic by metallic sodium, which gives rise to an electronic component of conduction. It has been suggested by Armstrong, Dickinson and Turner [10] and by Richman and Tennenhouse [11] that the penetration can arise by crack propagation within the ceramic. There seems little doubt that this does occur in some materials. However, in our tests there is considerable evidence that localised filamentary darkening of the electrolyte after passage of current (often loosely described as dendrites) is not always associated with cracking. Also the extent of penetration depends upon the specific dopants used in the beta alumina. For instance, polycrystalline ceramic stabilised as beta" phase by MgO and Li,O combined is much more prone to penetration and increased electronic conduction than material stabilised with Li20 alone, although the microstructures are almost identical. Examination of the latter material prior to detectable electronic conduction revealed general darkening spreading inward from the sodium metal interface.
A similar darkening has 'been observed as a result of mass transfer of anion vacancies in yttria stabilised zirconia [12] ; Thorp, Aypar and Ross [13] also found E. S . R. evidence for the presence of F-centres consequent to blackening of this material. It is also possible that our dendrites are a localised form of the same phenomenon.
To investigate the occurrence and characteristics of colour centres in beta alumina and to examine material that has become darkened as a result of Naf transport, we have performed some simple thermoluminescence experiments.
2. Experimental. -Beta" alumina tubes 15 cm long, 1.5 cm diameter, wall thickness 0.2 cm, were prepared by conventional ceramic techniques. Two compositions were subsequently tested, namely :
Composition (A) 8.9 % Na20, 0.7 % Li20, balance A1203.
Composition (B) 8.9 % Na,O, 0.5 % Li20, 2.0 % MgO, balance Al,O3.
Both were polycrystalline with an average grain size of about 10 microns and with a beta" phase content of > 90 %, the remainder being the beta phase.
The tubes were subjected to a Naf current density of 500 mA.cm-2 at 350 O C in Na/betaU alumina/Na test cells as shown in figure 2 . A relay was used to cycle the sodium level between the upper and lower wire probes, by reversal of the direction of current flow through the tube. The time required for the sodium level to traverse the volume between these probes is directly related by Faraday's law to the number of coulombs passed through the tube. If any electronic component of conduction is present, however, this time will be longer. Hence, the onset of electronic conduction is detected by a lengthening of the cycle times.
Rings cut from these beta" alumina tubes were used for subsequent irradiation and thermoluminescence experiments. Sections cut from the tops of the tubes before the Na/betaW alumina1Na tests enabled direct comparisons to be made with untested material.
Samples were X-irradiated for 16 hours with unfiltered radiation from a chromium target operating at approximately 35 kV with a beam current of about 25 mA. The equipment used for the thermoluminescence experiments consisted of a heated sample holder situated in an evacuable chamber. The sample temperature was raised linearly at approximately 14 K.min-'. Light from the sample passed through a glass window in the end of the chamber to a photomultiplier tube via a mechanical chopper unit contained in a light-tight box. The chopper also interrupted, simultaneously, the light from a bulb falling on to a photodiode, the output of which was used as the reference signal for a phase-sensitive detector. Glow curves were recorded directly on an X-Y recorder. The frequency of the radiation emitted by the sample was determined by insertion of a plane grating monochromator between the chopper and photomultiplier.
3. Results. -3.1 X-IRRADIATED SAMPLES. -Used (i. e. electrolysed) and unused samples of beta" alumina tubes were irradiated together and their glow curves compared ; those for the Composition (A) material, as above, are shown in figure 3. The unused sample shows two distinct peaks at 140 O C and 290 O C , the higher temperature peak being of greater magnitude. Little significance can be placed on the total amount of light emitted from each sample as this depends on such variables as sample size and opacity and radiation dose. However, where direct comparisons have been made, as in figure 3 , the samples were of the same size and were irradiated together.
The used sample shows a very similar low temperature peak, but there is no distinct high temperature peak, although there is still an appreciable emission. Spectral analysis of both peaks for the unused material indicated a single wavelength at 505 (_+ 2) nm. The used material was also found to emit light of this wavelength, both at the low temperature peak and at higher temperatures. The glow curves for used and unused samples of Composition (B) material were also compared and are shown in figure 4 . The two curves were found to be very similar, but the used sample had been on test for only 5.5 A.h.cmd2 before failure by penetration by dendrites. Only one peak was observed, although there was considerable light output at higher temperatures (i. e. the curves are very similar to those obtained for used Composition (A) material). The wavelength of the light from the unused material was found to be 506 (+ 2) nm.
nescence from the sample. Figure 5 shows a typical ,/-\ result, the sample being a section of Composition (A) T/ GAIN = 25.. 
. 2 NON-IRRADIATED SAMPLES.
-Several samples which had become discoloured as a result of Na+ trans-175 OC, which is considerably higher than the low port in sodium/betaM alumina/sodium cells were tested. temperature peaks found with both beta" materials Within the limits of detection of the equipment, no and is also lower than the high temperature peak light output could be detected between room tempera-observed with Composition (A) material. The waveture and about 250 OC ; at higher temperatures, black length of the light was found to be 507 (+ 2) nm.
3.4 ALPHA ALUMINA. -If the colour centres observed in beta alumina are sited in the spinel blocks, it might be expected that colour centres formed in alpha alumina would exhibit similar characteristics. The glow curve for an X-irradiated sample of re-crystallised alumina exhibited a single glow peak at about 160 OC. Two wavelength maxima were detected at about 692 nm and 424 nm ; these are not in good agreement with reported [14] absorption bands at 230, 400 and 650 nm. However, no wavelength similar to that observed with the beta alumina samples was detected, and the nature of the glow curve was also quite different.
3.5 SAMPLES HEATED IN SODIUM. -NO light emission could be detected from a sample of Monofrax which had been blackened by heating in liquid sodium at 700 OC. A curve similar to that shown in figure 5 was obtained.
A sample of Monofrax which had been darkened by heating in liquid sodium and then X-irradiated gave a similar glow curve (Fig. 7) to the untreated crystal (Section 3.3) except that the light intensity was greatly reduced, presumably because of the blackening of the sample ; the glow peak also occurred at a slightly higher temperature. It was found that the darkening caused by heating in sodium was still present after the thermoluminescence experiments, in contrast to the samples discoloured by Naf transport. A separate test showed that this darkening was not removed until the specimen was heated to 900-1 000 OC in air. 4 . Discussion. - The presence of two glow curve maxima in unused, X-irradiated material with light of the same wavelength would indicate that two F-centre energy levels exist within the material with the implication that holes are trapped at only one type of cation vacancy whilst there are two energetically different anion vacancies which can trap electrons to form F-centres.
The observation that for Composition (A) material the higher temperature peak almost disappears after Naf transport suggests that a large number of the associated traps are destroyed.
Light from all the samples (Monofrax, Compositions (A) and (B)) was of the same wavelength which implies that one type of cation vacancy is common to beta and beta" alumina. However, the number and depth of the electron traps appears to vary with composition. Thus, the number of traps associated with the lower temperature peak is similar in both (A) and (B), but more of the deeper traps are present in (A), some of which are removed by Na' transport. Since cation transport is restricted to the sodium containing planes between the spinel blocks [15, 161, then these observations are consistent with the defects being in, or adjacent to the sodium planes and that the number and depth of such traps are affected by the dopants. Further evidence that the defects are not sited within the spinel blocks is provided by the absence of any similarity between the luminescence of alpha alumina and beta alumina.
The overall band gap of beta" alumina, by analogy with other electronically insulating materials, is likely to be in the region of 9-1 1 eV. From the characteristic wavelength (505 nm) of the light emitted from the samples, the depth of the trapped hole centres is calculated to be 2.46 eV below the conduction band. The empirical formula due to Urbach [17] gives electron trap depths of 0.8 and 1.1 eV for the low temperature (--120OC) and high temperature (-270 OC) maxima respectively.
Considering, finally, the role that colour centres may play in the current darkening of beta" alumina we note that the discolouration associated with Naf transport is not the same as that obtained by heating the ceramic in the presence of sodium since the latter is not removed until the sample is heated to --9000C whereas the former is completely bleached during the thermoluminescence tests, i. e. < 380 OC. The absence of any detectable light emission from electrolysed beta" alumina indicates that Naf flux does not lead directly to the formation of colour centres stable at 350 O C which is in accord with the experimentally determined bleaching temperature of 270 O C for X-irradiation induced centres.
In this context the results of Thorp, Aypar and Ross [13] which showed by ESR the presence of F-centres in yttria stabilised zirconia which had been darkened by the passage of an anionic current at 800 O C would suggest that the drap depth of the F-centre is at least 2.1 eV. This disparity in the stability of the F-centre in zirconia and beta" alumina makes it difficult to explain current darkening in beta" alumina by the same mechanism.
5.
Conclusions. -The main points which arise in this preliminary study are :
(i) Destruction of the centres in all the beta and beta" material examined has resulted in emission of light of a unique wavelength.
(ii) Two distinct electron traps have been noted for beta" alumina.
(iii) The predominance of one or both of the traps depends upon the dopant.
(iv) The evidence is consistent also with these traps existing in the sodium rich inter spinel block region of the lattice.
(v) No evidence of colour centres has been found in material darkened by sodium ion transport so that the nature of the darkening remains nuclear.
(vi) A substantial reduction in the population of the deeper trap (1.1 eV) has been observed in darkened material and this may have significance in the breakdown mechanism during electrolysis ; further studies are in hand to elucidate this.
